Summary. -This feature article discusses two modern mass spectrometry abbreviations in their clinical applications. Rapid evaporative ionization mass spectrometry (REIMS) is reported as a molecular classification tool useful for spectral features definition prior to mass spectrometry imaging (MSI). REIMS is appreciated not only as an ionization technique coupled with a surgical device but particularly as a biomarker discovery tool. For more complex understanding of pathological processes at cellular and molecular levels, the importance of multimodal approach in imaging applications is documented in the context of fiducial markers needed for hyperspectral data fusion collected by optical microscopy, elemental and molecular MSI. Finally, pathogen inactivation needed prior to the sectioning of the infected tissue is reported, and the impact of formaldehyde crosslinking to signal reduction is discussed.
Introduction
In the past decade, clinical mass spectrometry has undergone a tremendous instrumental and application development. Clinical microbiology has become one of the most growing analytical fields, particularly due to the standardization of the microbial ribosomal protein typing that has spread into many microbiology laboratories and has become a new diagnostic standard for characterization of bacteria, yeasts and fungi (Havlicek et al., 2013) . The protein mass fingerprinting was successfully commercialized and is now represented by thousands of installations of benchtop matrix assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF) instruments worldwide. Interestingly, the characterization of viruses has not been as commercially successful if based either on protein (Mancone et al., 2013) or gene level (Leveque et al., 2014) . This may be why clinical analytical chemists are now switching their gears to metabolomics and mass spectrometry in the field of disease biomarker discovery (Prichystal et al., 2016) . The reasons are twofold. Small molecules are ideal species to be efficiently and/or selectively ionized and analyzed by sensitive mass spectrometers. Second, combinations of separations and enrichment/depletion techniques with mass spectrometry may provide a very high dynamic analytical range required for distinguishing disease states from physiological conditions even when working with analytes in very complex biological matrices. Biological specimens like tissues and body fluids certainly belong to such a category. 
Schematic presentation of the REIMS experiment
This feature article is dedicated to two relatively new mass spectrometry tools that have revolutionized the field of clinical mass spectrometry in the past decade: rapid evaporative ionization mass spectrometry (REIMS) and mass spectrometry imaging (MSI). Both tools can be used in concert: whereas REIMS can be applied for initial compound classification, the distinct features pre-defined by REIMS can be visualized by MSI.
REIMS in surgery
The first reports on REIMS published by Zoltan Takats' research teams in Germany and Hungary were dedicated to findings using standard surgical equipment; mass spectra were found to be highly specific to the histological type of the tissues (Balog et al., 2010) . Ions were produced by REIMS mechanism; the tissue analysis was based on different phospholipid distributions within the tissue specimen; the identification algorithms used a combination of principal component analysis (PCA) and linear discriminant analysis (LDA). Although electrosurgery itself was demonstrated to directly produce gaseous ions, post-ionization methods were needed to enhance the ion yield, especially in cases when the ion current produced by the applied electrosurgical method was not sufficient for sensitive mass spectrometry (MS) analysis (Guenther et al., 2011) . Tumor tissue definition was one of the most exciting clinical niches in which REIMS was successfully applied (Balog et al., 2013) .
In standard REIMS surgery experiment, the tissue is dissected by a flat monopolar handpiece cutting device (St John et al., 2016) . During the in vivo mass spectrometry experiment; the cutting device itself is kept on a small electric potential of selected polarity, whereas the opposite potential is applied onto the operated object mounted on a conductive surface (Fig. 1) . The smoke generated during the cutting process contains a considerable amount of neutral or ionic aerosol, which can be transferred with the facilitation of a Venturi pump into the atmospheric pressure chamber of mass spectrometer. This online combination provides a near-real-time characterization of the tissue with a delay representing just few seconds. In one of the earliest clinical studies, REIMS accurately differentiated between distinct histological and histopathological human tissue types right in a surgical theatre (Balog et al., 2013) . Soon, REIMS has been developed to an endoscopic polypectomy snare allowing in vivo analysis of the gastrointestinal tract (Balog et al., 2015) . It was shown to effectively differentiate between healthy layers of the intestinal wall, cancer tissue, and adenomatous polyps based on the REIMS fingerprint of each tissue type in vivo. In another application, REIMS was used for the analysis of the colonic mucosal lipidome in colorectal cancer (Kinross et al., 2016; Muirhead et al., 2015) .
The REIMS ion source was soon commercialized by Waters Corporation (United Kingdom) as a part of intelligent knife (iKnife). The product involves a heated impactor facilitating the thermal ionization of neutrals present in the dust originated from the electrosurgery. At present, the device is sold as "research only" as it is does not have regulatory approval for use in the clinical diagnostic environment. On the other hand, a number of experimental medical applications on patients is increasing and include e.g. ovarian or colorectal cancer interventions (Alexander et al., 2017; Phelps et al., 2016) . The REIMS-acquired characteristic mass spectra from the hypoxia-ischemia-affected neonatal rat brain at time intervals 0 h (top), 36 h (middle), and 144 h (bottom) after the insult The negative ion spectra revealed the presence of small fatty acids in the mass range from 100 to 500 Da, larger glycerophospholipids in the mass range from 600 to 900 Da and triglycerides in the 900-1100 Da range as molecular markers of the hypoxic-ischemic insult. Some diglycerides and sulfatides have also been identified.
Classification of small molecules by REIMS
Near-to-real time mass spectrometry analysis with almost no sample preparation is possible with iKnife consisting of an electro-surgical scalpel sampling analytes and REIMS. Powerful ability of REIMS tissue characterization and differentiation is used for several non-clinical applications such as food quality control studies and in research studies in microbiology and animal research. Possible adulteration of meat products can also be easily detected by REIMS (Verplanken et al., 2017) . The characterization of meat originating from different species (horse, cattle, and venison) was demonstrated with high accuracy using mixed patties with a 5% detection limit . REIMS was also soon identified as a prospective tool for bacterial metabolomics (Strittmatter et al., 2013) . The original work was extended to yeasts and fungi Cameron et al., 2016) , although it is still being focused rather to a statistic approach and not to the actual structure identification of microbial metabolites (Strittmatter et al., 2014) .
An amazing classification power of REIMS technology is documented on the example from experimental study on animals simulating hypoxic-ischemic encephalopathy in humans (Placha et al., 2016) . Differentiation of neonatal rat brain tissues based on developmental stage and maturation of the brain and the characterization of hypoxic-ischemic (HI) injury in time has been shown. Although the brain damage development was not apparent from the REIMS negative ion mass spectra as expected for severe neurodegenerated brain tissue (Fig. 2) , the statistical evaluation of the REIMS data provided distinct clustering (Fig. 3) . The correct identification of mass spectral features in REIMS data and mutual distinguishing of "healthy" and "pathological" molecular biomarkers may enable the researchers to define the future possible treatment interventions that may prevent the permanent brain damage which would otherwise occur upon the HI insult.
From MSI to multimodal imaging
MSI represents a second logical step after small molecule classification by REIMS. The ions identified by REIMS can consequently be probed in biological tissue material. However, single MSI is often not sufficient and more imaging tools have to be used in concert to solve specific biological questions (Pluhacek et al., 2016) .
MSI was introduced in early sixties by a French couple, who used secondary ion mass spectrometry (SIMS) MSI for visualization of inorganic ions (Castaing and Slodzian, 1962) . Molecular species were first probed by Bernhard Spengler who showed the distribution of peptides at one of the previous American Society for Mass Spectrometry Conferences (1994). But it was Richard Caprioli who fully rediscovered molecular MSI for biological applications, published the first peer reviewed work (Stoeckli et al., 1999) and received a US patent. Although the patent could easily be terminated due to the lack of novelty, Caprioli defined a new promising research trend, which nowadays is illustrated by three MSI papers being published daily. At present, all important mass spectrometry vendors offer the complete MSI package involving now either MALDI, SIMS, laser ablation with inductively-coupled plasma (LA-ICP), laser ablation combined with electrospray ionization, liquid bridge combined with micro-or nano-electrospray, or desorption electrospray ionization (DESI) mass spectrometry imaging. In addition to commercial tools, there is also a long list of experimental approaches in the literature.
Unequivocal localization of the components and biomolecules in complex environment including tissue sections is barely possible by using a single imaging technique. The multimodal fusion and its interrogation with histology evaluation represents a current standard approach in medically important areas. And it brings a complex overview of the analyzed (patho)physiological features within the tissue together with the precise information of local molecular composition of the tissue surface (Chughtai et al., 2012) . For the combination of hyperspectral data obtained from molecular or elemental imaging mass spectrometry and optical microscopy, all performed on consecutive sections from one tissue sample, the application of fiducial markers (points of reference) is needed to implement a correct image co-registration (Fig. 4) . Another important application of fiducial markers is the co-registration of more layers into a single three-dimensional object (3D imaging).
An important attribute of fiducial markers mixture should be its compatibility with all imaging techniques used to ensure correct overlay of the obtained images. As an example, fiducial marker mixture composed of Rhodamine B (10 mg/ml), ionic silver (100 µg/ml) and 100 nm gold nanoparticles (5 µg/ml) in poly[N-(2-hydroxypropyl) methacrylamide] solution (100 mg/ ml) was spiked into rat bulk kidney tissue with an insulin-type syringe (300 µm needle outer diameter (OD)). The frozen tissue sections obtained with a cryomicrotome were then placed on an indium tin oxide glass (MALDI, LA-ICP) or a Prosolia Omni Slide TM glass (DESI) and dried. Mass spectrometry data were collected on SolariX 12 FTICR (Bruker Daltonics, USA), quadrupole ICP-MS 7700x spectrometer (Agilent Technologies, Japan) and Synapt G2-Si Q-TOF (Waters Corporation, United Kingdom), respectively. The multisensor data fusion is illustrated in Fig. 4 . The fiducial mixture generated signals in all three probed MSI techniques and the successful detection of fiducial spots allowed us to acquire correct overlay of images in multimodal approach enabling the direct comparison of the same signals from MALDI and DESI MSI. Nanoparticles of Au and ionic Ag were both visible by LA-ICP-MSI.
Infectious tissue sample handling
To avoid variation in biomolecule content within the tissue, the quick ex vivo fixation and permanent stabilization of the sample is inevitable. In addition, it is of particular challenge to analyze infectious tissues (Cazares et al., 2015) . When collecting the mass spectrometry imaging data on infected tissues, the corresponding safe sample handling protocols need to be applied. The pathogen inactivation can be provided using various physical and chemical treatments. Cryo-preservation (Day and Stacey, 2007) , heating and micro-waving (Mayers, 1970) are used among the usually applied physical methods. The most common chemical treatment is formalin fixation; in case of MSI also the formalin-fixed paraffin-embedding. A new fixative non-crosslinking medium PAXgene Tissue (PAXgene) was recently developed (Loibner et al., 2016) .
For standardization of microbial strain inactivation by formaldehyde solutions, we probed two microbial strains of biosafety level 2 risk category. Aspergillus fumigatus CCF 1059 and Pseudomonas aeruginosa ATCC 15692 were grown on the selective yeast medium (YM; 0.3% malt extract, 0.3% yeast extract, 0.5% peptone, 0.5% glucose) and Luria-Bertani broth (LB; 1% tryptone, 0.5% yeast extract, 1% NaCl), respectively. After the cultivation of both strains on agar plates, the agar pieces (1x1 cm) were sterile cut and incubated in formaldehyde solutions of variable concentrations (1, 2, 4, and 10%) for 10, 30, 60, 120 min, and 24 h. After incubation in formaldehyde solutions, agar pieces were placed into the solid and liquid media: YM, Pseudomonas agar F (PsF; Merck), malt extract broth (MEB; BD Difco) or LB to determine the total number of viable cells. In our hands, the bacterial strain P. aeruginosa lost their viability upon one-hour treatment in 1% formaldehyde (Fig. 5) . A. fumigatus (collection strain) colonies grown on YM plates after 0 min and 60 min incubation in 1, 2, and 4% formaldehyde solutions Note that virulence can significantly be modulated upon a passage. Aspergillus inactivation in one-hour treatment is illustrated in Fig. 6 . Although the data show that 1% formaldehyde concentration could be enough, one has to be aware about an increased infectivity occuring during the microorganism passage throughout a host. In our model of experimental aspergillosis in rats (Pluhacek et al., 2016) , we noticed that for the full inactivation of A. fumigatus isolated from lungs of infected animals a two day inactivation in 4% formaldehyde was actually needed for stopping the mycelial growth. After this intense inactivation, no fungus growth was observed either in liquid medium (MEB) or on agar plates (YM).
Although the pathogen inactivation represents certainly a mandatory safety feature, one cannot exclude the possible signal attenuation in MALDI or DESI spectra if formaldehyde crosslinking was used. In an experiment with neonatal rat lung homogenates, we evaluated the effect of formaldehyde, which was added to one of the sample sets. We prepared a series of lung homogenates mixed with two fungal siderophores, triacetylfusarinine C (TAFC) and ferricrocin (FC) in concentrations range 0.002, 0.02, 0.2, 2, and 20 µg/g. The siderophore responses in MALDI mass spectra revealed merely negligible signal attenuation after tissue fixation (Fig. 7, top) . A similar result was obtained with DESI imaging from a Prosolia Omni Slide TM glass (data not shown). In the case of siderophores, the ion responses in DESI were 2 orders of magnitude lower compared to those in MALDI mass spectra.
Conclusion
We reported a novel methodology for the multi-omics analysis of biological tissue samples. First, REIMS can be used to identify small molecule markers for specific tissue types or disease states without any sample pre-treatment. Next, pathogen inactivation (if necessary) and slide preparation for multimodal imaging approach in order to target various small molecules within the samples is described. Finally, a method to align and evaluate the different modality MSI and optical images with the use of fiducial markers is reported.
